The bone morphogenetic proteins (BMPs), originally identified by their abilities to induce bone and/or cartilage formation, have been reported to be involved in various growth and differentiation processes, including reproduction. Although mammalian models are more frequently used to study the BMP system in reproduction, we have extended the study to the zebrafish, an excellent model for studying female reproduction in teleosts. Reverse transcription-PCR analysis revealed the expression of the Bmp ligands (bmp2a, bmp2b, bmp4, bmp6, and bmp7a) and the type II Bmp receptors (bmpr2a and bmpr2b) in various tissues, including the ovary. Spatiotemporal distribution of these Bmp ligands and receptors in the ovary was then investigated in this study. Reverse transcription-PCR on isolated follicle layers and denuded oocytes demonstrated that all Bmp ligands examined were exclusively or abundantly expressed in the oocyte, whereas the two receptors were expressed exclusively in the follicle layers, strongly suggesting a potential paracrine signaling from the oocyte towards the follicle layer by various Bmp ligands. This supports the current view that instead of being passively controlled and nurtured by the follicle layer for its growth and development, the oocyte may play an active role by releasing various growth differentiation factors to regulate follicle layer function. Quantitative analysis of temporal expression profiles during folliculogenesis revealed an increased expression of bmp2a, bmp2b, bmp4, and bmp6 from primary growth (stage I) to previtellogenic (stage II) stages, followed by steady declines toward the end of folliculogenesis when the follicles became fully grown. On the contrast, the BMP receptors (bmpr2a and bmpr2b) consistently showed an increase in expression during folliculogenesis, with the peak levels reached at the full-grown stage prior to final oocyte maturation. The spatiotemporal expression patterns of the Bmp family in the zebrafish follicles provide important insights into potential roles for Bmps during follicle development as oocyte-derived factors. Further experiments using recombinant zebrafish Bmp4 showed that Bmp4 had an inhibitory effect on spontaneous oocyte maturation in vitro, but not 17alpha,20beta-dihydroxy-4-pregnen-3-one (DHP)-induced oocyte maturation in vitro.
INTRODUCTION
Bone morphogenetic protein (BMP) was named in 1965 for its activity of inducing bone formation [1] . As the largest family in the transforming growth factor b (TGFb) superfamily [2] , BMPs are dimeric proteins consisting of two subunits covalently linked by a disulfide bridge, and they are believed to form either homodimers or heterodimers [3] [4] [5] [6] . There are two major types of membrane-bound receptors for the BMP ligands, namely, type I and type II receptors (BMPRI and BMPRII). Upon binding of the BMP ligands, the type II receptor phosphorylates a type I receptor [7] , which in turn transphosphorylates the intracellular signaling molecules called the SMADs [8, 9] . The SMAD molecules that are phosphorylated by type I receptors are called receptor-regulated SMADs (R-SMADs). SMAD1, SMAD5, and SMAD8 are BMPspecific R-SMADs [10, 11] . Once the R-SMADs are activated, they interact with a common SMAD (Co-SMAD), namely, SMAD4, which acts as a common partner for all R-SMADs [12, 13] . The SMAD complex then translocates into the nucleus and regulates the expression of target genes, together with other transcription factors. This signaling is modulated by yet another group of SMADs called inhibitory SMADs (ISMADs), including SMAD6 and SMAD7, which act by preventing the association of the SMAD complex or the phosphorylation of SMAD1/5/8 [14, 15] .
In addition to bone formation, BMPs have been demonstrated by numerous studies to be pleiotropic factors that play important roles in growth, differentiation, and apoptosis in various tissues [16, 17] . In recent years, the physiological importance of BMPs in reproduction has been well documented [18] . For example, BMP4 and BMP7 could increase folliclestimulating hormone (FSH)-induced estrogen production and decrease FSH-induced progesterone production in cultured rat granulosa cells [19] , and they have also been shown to promote early folliculogenesis in the rat and mouse models, respectively [20, 21] . A comprehensive in situ hybridization study of the spatiotemporal expression pattern of the BMP family in adult rat revealed the presence of BMP2 in the granulosa cells, and BMP3, BMP3b, BMP4, and BMP7 in the theca cells. On the other hand, BMP6 was detected in both the oocyte and granulosa cells, with increasing expression levels during folliculogenesis. In contrast, BMP15 was oocyte specific, and its expression increased during follicle development. Although the BMP ligands were localized to various compartments, BMPR1A and BMPR1B were found in the oocytes, granulosa cells, and theca cells, whereas BMPR2B was expressed in the granulosa cells, with weak expression in the oocytes [22] . In the human ovary, BMP3 was expressed in the granulosa cells, and its level was subjected to regulation by human chorionic gonadotropin (hCG) [23] , whereas the expression of GDF9 and BMP15 was restricted to the oocytes in primary follicles [24] . In sheep, BMPR1B was expressed in the oocyte and the granulosa cells, whereas BMPR2 was found in the theca cells in addition to the oocyte and granulosa cells [25] . Thus, the spatiotemporal expression patterns of the BMP ligands and receptors vary in different species, suggesting diverse functions in the ovary.
Compared with the information on the BMP system in mammalian reproduction, little is known about the system in nonmammalian vertebrates. Recently, two type II Bmp receptors (bmpr2a and bmpr2b) have been shown to mediate Bmp signaling in zebrafish development [26] . Yet, little is known regarding the physiological importance of Bmps in zebrafish reproduction. Until now, only Bmp15 and Gdf9 in the Bmp family have been characterized in the zebrafish ovary [27, 28] , and some other members have been reported in other species [29] [30] [31] [32] . Similar to its counterpart in mammals [24, 33] , zebrafish gdf 9 is exclusively expressed in the oocyte in females, and its expression level is high in early follicles but declines afterwards [28] . A similar temporal expression profile has also been reported for gdf 9 in the European sea bass [30] . Interestingly, zebrafish bmp15 was detected in various organs, whereas in the ovary it was found in both oocytes and follicle cells, with no significant change in expression during folliculogenesis. Functional studies showed that Bmp15 exerted an inhibitory effect on oocyte maturation in the zebrafish [27] . In comparison with Bmp15 and Gdf9, there has been limited information about other members of the Bmp family and the Bmp receptors in fish reproduction. A real-time PCR-based gene expression survey was performed in the rainbow trout to investigate the expression profiles of some target genes, including Bmps, during maturation competence acquisition or oocyte maturation. In maturing females and those females that acquired high competence to mature, bmp7 increased in expression, whereas bmp4 expression increased later at the time of oocyte maturation, suggesting a potential role for Bmps in the control of oocyte maturation in the rainbow trout [31] . A similar study was performed later in the rainbow trout, focusing on selected target genes during gonadal differentiation and early gametogenesis. The gene bmp7 was found to be among the group of genes with the highest relative expression in the ovary during gonadal differentiation and at the beginning of gametogenesis, whereas bmp4 showed a similar expression profile in testis and ovary [32] . Recently, a study on the spatiotemporal expression of bmp4, bmp7, and gdf 9 in the rainbow trout ovary showed that these genes reached their highest expression at previtellogenic stage during folliculogenesis, and their expression was concentrated in the oocyte [29] .
In our study, we characterized the expression of bmp2a, bmp2b, bmp4, bmp6, bmp7, and the two isoforms of type II Bmp receptors bmpr2a and bmpr2b in various tissues, followed by analysis of their expression profiles during folliculogenesis. These ligands were chosen because they had been well or partially characterized in zebrafish development. Expression of bmp2a and bmp2b was detected in the developing median fins of zebrafish, suggesting their potential roles in fin development [34] . The gene bmp6 was also found to be important for fin regeneration [35] . Recently, bmp2b was reported to have a critical role in the morphogenesis of semicircular canals in the zebrafish inner ear [36] . The gene bmp4 and the two novel type II receptors have been reported to establish left-right asymmetry in the zebrafish [26, 37] . A mutation in the bmp7 gene results in a strongly dorsalized phenotype [38, 39] . Recently, a second bmp7 homolog, bmp7b, was cloned and found to be strongly expressed in developing organs, such as the eyes, ears, pronephric kidney, and gastrointestinal system [40] . Yet, in this study, we focused on studying the previously identified bmp7 homolog, bmp7a. Experiments were also performed to reveal the distribution of the Bmp ligands and receptors in the two compartments of the ovarian follicle, namely, the oocyte and follicle layer. The spatiotemporal distribution of the Bmp ligands and receptors provided important clues to the involvement of Bmps in folliculogenesis and their potential roles as oocyte-derived factors in controlling follicle cell function. The paracrine mode of Bmp actions in the follicle was further confirmed by the phosphorylation of Smad1/5/8 in cultured zebrafish follicle cells in response to the recombinant zebrafish Bmp2b and Bmp4 produced in the present study. As a preliminary study, we also investigated the effect of recombinant zebrafish Bmp4 on final oocyte maturation in vitro.
MATERIALS AND METHODS

Animals
Zebrafish (Danio rerio) were purchased from local pet stores and maintained in flow-through aquaria at 288C 6 18C on a 14L:10D photoperiod. The fish were fed three times a day with commercial tropical fish food. The animals were anesthetized on ice and killed by decapitation before dissection. All experiments were performed under license from the Government of the Hong Kong Special Administrative Region and were endorsed by the Animal Experimentation Ethics Committee of the Chinese University of Hong Kong.
Isolation of Ovarian Follicles
Zebrafish ovary was dissected in Cortland medium and dispersed gently using plastic pipette. Follicles were manually separated using fine forceps and grouped according to size and morphology: full-grown (FG; ;0.65 mm), midvitellogenic (MV; ;0.5 mm), early vitellogenic (EV; ;0.40 mm), previtellogenic (PV; ;0.3 mm), and primary-growth (PG; ;0.1 mm) follicles. Follicles were stored in Tri-Reagent (Molecular Research Center) for RNA extraction, followed by RT and real-time quantitative PCR (qPCR) for detection of transcript levels.
Separation of Oocytes and Follicle Layers
Zebrafish ovaries were dissected, and the full-grown immature follicles were selected and placed in Cortland medium devoid of calcium and magnesium to weaken the attachment of the follicle layer to the oocyte, as described in our previous report [41] . The follicle layer was carefully peeled off from the oocyte using fine forceps under a microscope. Five follicle layers or five denuded oocytes were pooled and stored in Tri-Reagent until RNA extraction. To ensure the cleanliness of the separation, molecular markers specifically expressed in the two compartments were used. Growth differentiation factor 9 (gdf 9) was the marker expressed only in the oocytes, whereas luteinizing hormone receptor (lhcgr) was the marker exclusively expressed in the follicle layers [28, 42] .
Embryo Collection
Sexually mature male and female zebrafish were put in the same tank at a sex ratio of 1:1 the night before embryo collection. Embryos at the four-cell stage were collected the following morning for RNA extraction (five embryos per sample). As a reference, full-grown follicles were also collected from a freshly dissected zebrafish on the same day. The embryo and full-grown follicle samples were stored in Tri-Reagent until RNA extraction.
RNA Isolation and RT
Total RNA was isolated from the tissues, ovarian follicles, follicle layers, denuded oocytes, and embryos using Tri-Reagent according to the manufacturer's instructions. Various organs or tissues were dissected out for RNA extraction, including the brain, ovary, testis, gill, kidney, liver, and muscle. Total RNAs from the tissues and ovarian follicles of different stages were quantitated, and 3 lg from each was used for RT in a 10-ll volume containing 978 LI AND GE 13 M-MLV RT buffer, 0.5 mM each deoxyribonucleotide triphosphate (dNTP), 0.5 lg of oligo(dT), 0.1 mM dithiothreitol, and 100 units of M-MLV reverse transcriptase (Invitrogen). The entire total RNA from five follicle layers, denuded oocytes, and embryos was reverse transcribed using the same reagents. Reverse transcription was performed at 378C for 2 h.
Real-Time qPCR and Semiquantitative PCR
Real-time qPCR was used to monitor the expression changes of different target genes during folliculogenesis. The assay was carried out on the iCycler iQ Real-Time PCR Detection System (Bio-Rad) in a volume of 30 ll containing 10 ll of 1:20 diluted RT reaction mix, 13 PCR buffer, 0.2 mM each dNTP, 2.5 mM MgCl 2, 0.2 lM each primer, 0.75 units of Taq polymerase, 0.53 EvaGreen (203 concentrated; Biotium), and 20 nM fluorescein (Bio-Rad). The reaction profile consisted of 40 cycles of 958C for 30 sec, 568C-608C for 30 sec (annealing temperature varies for different target genes), 728C for 40 sec, and 848C for 7 sec for signal detection. A melting curve analysis was performed at the end of the reaction to demonstrate the specificity of the reaction. Results were normalized to the housekeeping gene ef1a. Semiquantitative PCR was used to detect the expression in the tissues, follicle layers, and denuded oocytes. For semiquantitative PCR, the reaction was carried out in a volume of 15 ll containing 13 PCR buffer, 0.2 mM each dNTP, 2.5 mM MgCl 2 , 0.2 lM each primer, and 0.6 units of Taq polymerase, using the Thermal Cycler (Bio-Rad). For the follicle layer and denuded oocyte samples, 33 cycles were performed under the following conditions: 948C for 30 sec, 568C-608C for 30 sec (annealing temperature varies for different target genes), and 728C for 40 sec. The cycle numbers used for different genes are listed in Table 1 . The PCR products were visualized on a 1.5% agarose gel containing ethidium bromide. The primers for PCR were designed according to the sequences available in the GenBank and synthesized by Integrated DNA Technologies. Primers used for amplification of different target genes are listed in Table 1 .
Construction of Expression Constructs
To produce recombinant zebrafish Bmp2b and Bmp4, the open reading frames of bmp2b and bmp4 were cloned into pcDNA5/FRT provided in the Flp-In Expression system (Invitrogen). The restriction sites of BamHI and XhoI as well as Kozak sequence were added in the primers used. To produce a truncated form of zebrafish type II Bmp receptors (bmpr2a and bmpr2b) containing the extracellular domain only, the region corresponding to the ectodomain of each receptor was predicted by ExPASy (Expert Protein Analysis System, Proteomics Server of the Swiss Institute of Bioinformatics) and cloned into pcDNA5/FRT as described above for Bmp2b and Bmp4. Similarly, the restriction sites of BamHI and XhoI as well as Kozak sequence were added in the primers. Zebrafish ovaries were dissected and RNA extracted, followed by RT and amplification. KAPA HiFi DNA polymerase (Kapa Biosystems) was used for amplification because of its high fidelity. The amplified products were digested with BamHI and XhoI purchased from Promega for cloning. The expression constructs were sequenced by Tech Dragon DNA Sequencing Service in Hong Kong to confirm the identity of the clones.
Cell Culture and Transfection
The Flp-In Chinese Hamster Ovary (CHO) cells (Invitrogen) were used for recombinant protein production. F-12 medium (Gibco) containing 6 g/L HEPES (USB), 10% fetal bovine serum (FBS; Hyclone), and antibiotics (streptomycin, 100 lg/ml; penicillin, 100 U/ml) was used to culture the CHO cells. Transfection was performed in six-well plates (BD) when the growing CHO cells reached 80% confluency. The expression constructs of zebrafish Bmp2b, Bmp4, or the ectodomains of Bmpr2a and Bmpr2b (1 lg each) were transfected into the Flp-In CHO cells using Transfectin Lipid Reagent (BioRad). The plasmid pOG44 (Invitrogen) that expresses the Flp recombinase for homologous recombination between the FRT sites in the host cells and pcDNA5/FRT was also cotransfected to enhance the integration of the expression constructs into the host genome. The transfected CHO cells were replated into 10-cm culture dishes (BD) the next day and underwent hygromycin B (Invitrogen) selection at 500 lg/ml (optimized dose) for 1 mo. The transfected CHO cells were plated into a 96-well plate (BD) after 1-mo selection at the density of one to two cells per well. One week later, the wells that contained single clones were selected, and the cells from each well were replated into a new 10-cm culture dish. One clone for each protein (Bmp2b: no. B12; Bmp4: no. E7; Bmpr2a: no. A1; and Bmpr2b: no. E6) was selected for establishing stable cell lines for recombinant protein production. Reverse transcription-PCR was performed to confirm the expression of bmp2b, bmp4, bmpr2a, and bmpr2b, respectively. A control cell line was also generated in a similar way with empty pcDNA5/FRT vector.
Recombinant Protein Production
The established clones of CHO cells stably transfected with bmp2b, bmp4, and truncated forms of bmpr2a and bmpr2b were used for recombinant protein production. The established cell lines were subcultured into 175-cm 2 flasks (Nunc) and allowed to grow for 3 days at 378C with 5% CO 2 in 50 ml of F-12 medium with 10% FBS. After 3 days, the cells were changed to serum-free condition, and the culture continued for 5 days at a lower temperature of 288C. The medium was then harvested and concentrated by 200-fold using Amplicon Ultra 10000 MWCO (Millipore). The same was done for the control cell line transfected with the vector only.
Primary Follicle Cell Culture
Around 40 zebrafish ovaries were dissected, and the follicles were dispersed slightly using a plastic pipette. The follicles were washed with 
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60% L-15 (Gibco) several times in a 15-ml Falcon tube (BD) and filtered through a sieve to remove large-size follicles whose follicle layers have low proliferative activity. The filtered follicles were then washed several times with medium M199 (Gibco) and plated into 10-cm culture dishes. The follicles were grown for 3 days at 288C in M199 with 10% FBS. The medium was changed after 3 days. After continuous incubation for 3 more days, the follicle cells were subcultured into 12-well plates (BD), with 400 000 cells per well. After 24-h incubation with the supplement of FBS, the medium was replaced with serumfree M199 for starvation purposes. The follicle cells were treated with the CHO cell-produced recombinant proteins or human BMP2 (Biovision). The treated follicle cells in each well were collected with 80 ll of SDS sample buffer (62.5 mM Tris HCl [pH 6.8], 1% SDS, 10% glycerol, and 5% 2-mercaptoethanol) for Western blotting.
Western Blotting
The samples collected above were boiled at 958C for 10 min before loading onto the acrylamide gel (12%) for SDS-PAGE. A biotinylated ladder (Cell Signaling Technology) was used as a size marker. After the proteins were separated by SDS-PAGE, they were transferred onto a nitrocellulose membrane at 90 V for 90 min. The membrane was blocked with 5% skim milk for 1 h after the blotting procedure, followed by washing twice with 13 Tris-buffered saline (TBS; 20 mM Tris-HCl, 136 mM NaCl, pH 7.6) with 1% Tween-20 (called TTBS below; USB) for 10 min. The primary antibody against phospho-Smad1/ 5/8 (Cell Signaling Technology) was diluted at 1:1000 in 5% skim milk and incubated with the membrane overnight at 48C. On the next day, the membrane was washed twice with TTBS for 10 min, followed by incubation with the secondary antibody (bovine anti-rabbit-horseradish peroxidase; Santa Cruz Biotechnology) at 1:2000 dilution for 1 h at room temperature. The membrane was washed twice with TTBS for 10 min before detection using the SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). The chemiluminescent signal was visualized and analyzed with the Lumi-imager and the software LumiAnalyst 3.1 (Roche Applied Science).
Oocyte Maturation Assay
Full-grown follicles around 0.65 mm in size were isolated and placed in Cortland medium. After the healthy follicles were selected, they were transferred into a 24-well plate, with 40 follicles per well, in a total of 400 ll of medium. The follicles were subjected to different treatments, with three replicates for each treatment. The treatments included 17a,20b-dihydroxy-4-pregnen-3-one (DHP; 5 ng/ml), the control medium from the control CHO cell line carrying the vector only (25 ll/ml), the conditioned medium from the CHO cell line producing recombinant zebrafish Bmp4 (25 ll/ml), or a combination of DHP (5 ng/ml) with either control medium or recombinant zebrafish Bmp4 (25 ll/ml). A control for spontaneous maturation was also included with no treatment. The follicles were incubated at 288C for 12 h and scored for germinal vesicle breakdown (GVBD), which is a marker for oocyte maturation. The follicles that have undergone GVBD exhibit translucent appearance as a result of ooplasmic clearing due to cleavage of yolk proteins.
Statistical Analysis
All real-time qPCR data were normalized to the housekeeping gene ef1a because it has been shown to exhibit the smallest variation in expression during folliculogenesis compared with other housekeeping genes [43] . All values were expressed as the mean 6 SEM, and the data were analyzed by one-way ANOVA followed by Newman-Keuls test for comparisons of all pairs of groups using the GraphPad Prism 5 for Mac OS X (GraphPad Software).
RESULTS
Phylogenetic Analysis
The present study focused on zebrafish Bmp2 (bmp2a and bmp2b), Bmp4 (bmp4), Bmp6 (bmp6), and Bmp7 (bmp7a). Bmp7a (bmp7a), rather than the newly found homolog Bmp7b (bmp7b), was investigated in this study [40] . To demonstrate their relationship with the mammalian counterparts, we first performed a phylogenetic analysis on these molecules and those from the human and mouse using MacVector 7.2 (Accelrys). Individual BMP ligands have high homology among themselves in the three species (Fig. 1) .
Tissue Distribution of Bmp Family in the Zebrafish
All of the Bmp ligands and type II Bmp receptors (bmpr2a and bmpr2b) were found to be ubiquitously expressed in all of the tissues examined, although the expression levels seemed to vary among different molecules and tissues (Fig. 2) . Inhibin a (inha) was used as a marker for gonadal tissues because it has been shown to be expressed in the gonads only [44] . The exclusive expression of inha indicated that the other tissues were free from contamination by the gonadal tissues. The housekeeping gene ef1a was abundantly expressed in all tissues, as expected. The genes bmp2a and bmp2b seemed to have more abundant expression in most tissues compared with other ligands and the receptors. The expression of bmp7a was relatively low, especially in the kidney, liver, and muscle.
Temporal Expression Patterns During Folliculogenesis
The temporal expression profiles of Bmp ligands and receptors during folliculogenesis were analyzed using real-time qPCR. The expression of bmp2a, bmp2b, bmp4, and bmp6 increased during the transition from PG to PV, which marks follicle activation for fast vitellogenic growth, although the increment was not significant for bmp2a and bmp4. The gene bmp2b showed the most dramatic change during this transition. After reaching the peak at PV, the expression levels of these ligands declined steadily toward the end of folliculogenesis. The expression of bmp7a, however, did not show much change during folliculogenesis. Compared with other Bmp ligands, bmp2b and bmp4 were relatively more abundant, whereas bmp7a appeared to be the least abundant (Fig. 3) . Contrary to the Bmp ligands, the expression levels of bmpr2a and bmpr2b increased steadily from PG to MV, and the level surged at the FG stage (Fig. 3) .
Spatial Distribution of the Bmp Ligands and Receptors Within the Follicle
The zebrafish follicle consists of a developing oocyte and a surrounding follicle layer containing granulosa and theca cells. To demonstrate the localization of Bmp ligands and receptors in the two follicle compartments, we manually separated the two compartments of FG follicles, followed by RNA extraction from each and RT-PCR detection. The oocyte marker gene gdf 9 and follicle cell marker gene lhcgr were used to test the cleanliness of the oocyte and follicle layer samples. As a specific marker of the oocyte, the expression of gdf9 was detected in both the intact follicles and the denuded oocytes, but not the follicle layers. In contrast to gdf 9, lhcgr was expressed exclusively in the follicle layers. The genes bmp2a, bmp2b, bmp6, and bmp7a were found to be expressed only in the denuded oocytes, whereas the expression of bmp4 was found in both compartments. On the contrary, the receptors bmpr2a and bmpr2b were found to be located exclusively in the follicle layers (Fig. 4A) . To further confirm the distribution of Bmp ligands and receptors, we also compared their expression in FG follicles, which contained both oocytes and follicle layers, and the four-celled embryos, which are free of follicle cells. As expected, all ligands examined could be detected in the embryos, whereas the expression of bmpr2a and bmpr2b was not detectable at all (Fig. 4B) .
Establishment of Stable CHO Cell Lines That Express Recombinant Zebrafish Bmp2b and Bmp4
The result on the distribution of Bmps and their receptors in the follicle strongly suggests that the somatic follicle cells are 
FIG. 2. Tissue distribution of the Bmp
family ligands and receptors in the zebrafish. þ, RT with reverse transcriptase; À, RT without reverse transcriptase; ef1a, housekeeping gene; inha (inhibin a subunit), marker gene specific for the gonads; bmp2a, bmp2b, bmp4, bmp6, and bmp7a, Bmp ligands; and bmpr2a and bmpr2b, type II Bmp receptors.
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likely the target of Bmp ligands, which mostly come from the oocyte. To provide evidence for direct actions of Bmp ligands on the follicle cells, we established two stable CHO cell lines that expressed recombinant zebrafish Bmp2b and Bmp4. These two Bmp ligands were chosen because bmp2b was most abundantly expressed in the follicle, and its expression level exhibited the most significant change during folliculogenesis, whereas bmp4 was the only ligand expressed in both oocytes and follicle cells. To confirm the expression of bmp2b and bmp4 in the established CHO cell lines, RNA was extracted from these CHO cells for quantitative analysis by qPCR. A negative control was included in each assay by eliminating the reverse transcriptase, M-MLV, in the RT reaction. As shown in Figure 5A , both cell lines expressed the target genes; however, the expression level of bmp4 was higher than that of bmp2b (Fig. 5A ).
Smad1/5/8 Phosphorylation in Cultured Follicle Cells in Response to Recombinant Zebrafish Bmp2b and Bmp4
Because Bmps signal through the Smad1/5/8 pathway, cultured zebrafish follicle cells were treated with 50 ng/ml human BMP2 (Biovision) to test the response of Smad1/5/8 in the follicle cells. Using an antibody for phospho-Smad1/5/8 (Cell Signaling Technology), we were able to detect an increase in Smad1/5/8 phosphorylation at 60 kDa in the cells treated with human BMP2. The effect was detectable at 30 min of treatment and increased significantly at 1 h (Fig. 5B) . Similarly, both recombinant zebrafish Bmp2b and Bmp4 produced from the CHO cells could also significantly induce phosphorylation of Smad1/5/8 dose dependently at 2 h of treatment (Fig. 5B) .
Blockade of Zebrafish Bmp4-Induced Smad1/5/8 Phosphorylation in Cultured Follicle Cells by Truncated Bmp Receptors
Two isoforms of type II Bmp receptors were analyzed in the present study (Bmpr2a, bmpr2a; and Bmpr2b, bmpr2b). To provide evidence for their being cognate receptors of Bmps in the zebrafish, we produced truncated forms of zebrafish Bmpr2a and Bmpr2b corresponding to the extracellular domains of these receptors. As shown in Figure 5C , the zebrafish Bmp4-induced phosphorylation of Smad1/5/8 was reduced by inclusion of the conditioned media containing Bmpr2a and Bmpr2b ectodomains in the treatment (Fig. 5C ).
Suppression of Spontaneous Oocyte Maturation by Bmp4
It was reported previously that Bmp15 had an inhibitory effect on final oocyte maturation in the zebrafish [27, 45] . To test whether other forms of Bmp have similar effects, we examined the rate of oocyte maturation in the presence or absence of recombinant zebrafish Bmp4, together with DHP. As a positive control, DHP significantly promoted oocyte maturation compared with the control, whereas the control medium exerted little effect on the spontaneous maturation. By comparison, Bmp4 could slightly but significantly suppress the spontaneous maturation. However, Bmp4 had no significant effect on DHP-induced oocyte maturation (Fig. 6 ).
DISCUSSION
It is well established that gonadotropins play vital roles in the development and function of vertebrate ovary; however, there has been increasing evidence that the actions of gonadotropins are mediated or modulated by various locally produced growth factors [46] [47] [48] . Many of these local growth factors belong to the TGFB superfamily, including BMPs. The importance of the BMP system in mammalian reproduction has been widely studied [18] , and in recent years the research has been extended to fish models, especially the zebrafish; however, the studies have been largely restricted to Bmp15 (Gdf9b) and Gdf9. Although the function of Gdf9 remains unknown [28] , Bmp15 in the zebrafish ovary has been shown to suppress hCG-induced oocyte maturation [27] , which may play a role in preventing premature oocyte maturation, as evidenced by subsequent gene knockdown studies [45] .
In the present study we first analyzed the spatial distribution of the selected Bmp ligands and receptors in the follicle with the aim of providing important clues to their functional roles in 
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LI AND GE the zebrafish ovary. By separating the somatic follicle layer from the oocyte at the FG stage and RT-PCR analysis, we demonstrated that all Bmp ligands examined except Bmp4 were exclusively expressed in the oocyte. The expression of bmp4 could be detected in both compartments. In contrast, the two isoforms of Bmp type II receptors were exclusively expressed in the somatic follicle cells. This observation strongly suggests a potential Bmp-mediated paracrine regulatory mechanism in the follicle for the oocyte to signal the follicle cells. The expression of Bmp ligands was maintained from FG follicles to four-celled embryos, further supporting that they are expressed in the oocyte and can be carried over from the follicle through fertilization to the embryonic stage. In contrast, the expression of Bmp receptors bmpr2a and bmpr2b was undetectable after fertilization, supporting their localization in the follicle cells as during ovulation the follicle layer is shredded off.
The distribution of BMP ligands in the ovary has also been reported in mammals; however, the results are controversial and the expression patterns seem to be species specific. For example, in the porcine ovary, BMP2 and BMP6 were demonstrated in the granulosa cells by Western blotting, whereas BMP6 was also detected in the theca cells [49] . On the other hand, in the ovine ovary, the mRNA of BMP6 was detected in the oocyte by in situ hybridization. The expression of BMP2, BMP4, and BMP7 could also be detected in the granulosa cells by more sensitive RT-PCR [50] . While in the bovine antral follicles, BMP4 and BMP7 were found in the theca cells and BMP6 in the granulosa cells and the oocyte. Both BMP type I and type II receptors have been reported in all three cell types (granulosa cells, theca cells, and oocytes), suggesting potential paracrine and autocrine signaling by the BMP family in the bovine ovarian follicles [51] . Despite the diverse and sometimes conflicting spatial expression patterns of BMP ligands and receptors in different species, it is believed that the oocyte may be one of the sources of BMP production, which may have a role in regulating follicle growth and development.
In the zebrafish, in addition to Gdf9, the epidermal growth factor (Egf) family ligands, including egf, tgfa, hbegf, and btc,
A) The Bmp ligands (bmp2a, bmp2b, bmp6, and bmp7a) were exclusively detected in the denuded oocytes, whereas bmp4 was detected in both compartments. In contrast, the two type II receptors, bmpr2a and bmpr2b, were detected exclusively in the follicle layers. The housekeeping gene, ef1a, was expressed in both compartments, whereas the follicle cell-specific marker (lhcgr) and oocytespecific marker (gdf9) were only detected in the follicle layers and denuded oocytes, respectively. B) Detection of expression in the four-celled embryos compared with that in the FG follicles. The relative mRNA levels were determined by real-time qPCR, normalized to the housekeeping gene ef1a. The values are the mean 6 SEM (n ¼ 3) from a representative experiment. C) Schematic representation for potential BMP-mediated paracrine signaling mechanism in the follicle.
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have also been identified as oocyte-derived factors [28, 41] . The common receptor for the Egf family ligands, egfr, in contrast, is expressed exclusively on the follicle layers. The present study showed that Bmp ligands (bmp2a, bmp2b, bmp4, bmp6, and bmp7a) were also expressed in the oocytes, with the exception of bmp4, whose expression could also be detected in the follicle layers. This situation is similar to that of the zebrafish Egf family, whose members are mostly expressed in the oocyte except for btc (betacellulin), which is expressed in both compartments [41] . Studies in mammals have revealed BTC as one of the downstream mediators of LH in the ovarian follicle [52] , strongly arguing for its presence in the follicle layers. Whether zebrafish btc and bmp4, with similar distribution patterns, are also subjected to regulation by pituitary gonadotropins will be interesting to investigate in the future. In contrast to the Bmp ligands, the Bmp receptors (bmpr2a and bmpr2b) were exclusively expressed in the follicle layer, which is the site where various endocrine hormones and local paracrine factors converge to regulate follicle development. The distribution of the Bmp ligands and receptors in the follicle suggests that this family of growth factors may form a potential intrafollicular paracrine network, mainly to mediate the signaling from the oocyte to the follicle cells. However, it should be noted that the experiment on spatial distribution was performed in the FG follicles, and we do not know yet if this could be applied to the follicles of other stages as well.
To provide further evidence for the follicle cells to be the target of Bmp signaling, we produced recombinant zebrafish Bmp2b and Bmp4 in the CHO cells and tested their effects on the phosphorylation of Smad1/5/8 in cultured follicle cells. These two Bmps were chosen because Bmp2b displayed the most significant change in expression during folliculogenesis (see below), and Bmp4 was the only ligand examined that showed expression in both follicle compartments. Both recombinant proteins significantly increased the phosphorylation levels of the three Smad proteins (1/5/8), again supporting the existence of Bmp receptors in the follicle cells.
To provide further clues to the roles of Bmps in follicle development, we then analyzed their temporal expression profiles during folliculogenesis. Most Bmp ligands studied except bmp7a showed an increment in expression as follicles transited from the PG stage to the PV stage, which marks the activation of follicles for fast vitellogenic growth. The gene bmp2b exhibited the most dramatic change among all ligands examined. This is similar to a recent report in the rainbow trout, Recombinant human BMP2 (BMP2; 50 ng/ml) was used as the positive control (time course). The zebrafish Bmp2b-containing medium (0-100 ll) was mixed proportionally with different amounts of control medium (from control CHO cells) in a total of 100 ll and added to the follicle cells, resulting in a final volume of 1 ml per well. Similarly, the zebrafish Bmp4-containing medium (0-80 ll) was mixed proportionally with the control medium in 80 ll before addition to the follicle cells. C) Suppression of zebrafish Bmp4-induced Smad1/5/8 phosphorylation in the follicle cells by recombinant ectodomains (ED) of type II Bmp receptors Bmpr2a and Bmpr2b. The control medium, zebrafish Bmp4, and receptor ectodomaincontaining media were mixed in different combinations in 10 ll and added to the follicle cells, resulting in a total of 1 ml.
FIG. 6. Effect of recombinant zebrafish Bmp4 on oocyte maturation. Full-grown follicles were isolated and incubated for 12 h with different treatments. Germinal vesicle breakdown was used as an indicator for oocyte maturation. DHP (5 ng/ml) was used as the positive control. The control medium from the CHO cell line transfected with vector only (25 ll/ml) or conditioned medium from zebrafish Bmp4 cell line (25 ll/ml) was administered either alone or in combination with DHP (5 ng/ml). The values are the mean 6 SEM (n ¼ 3) from a typical experiment representing five independent experiments, and different letters indicate statistical significance (P , 0.05).
of which bmp4 also peaked at PV stage and steadily decreased in the following stages [29] . The increase in expression of various BMP ligands during the early transition from the primary growth to secondary growth, which starts with the PV stage, strongly implies a role for Bmps in promoting early folliculogenesis in the zebrafish ovary, particularly in follicle recruitment and puberty onset. In fact, some studies reported in mammals have also suggested essential roles for BMP4 and BMP7 in promoting early follicle transition. In the rat, the BMP4-treated ovaries from 4-day-old animals had a significantly higher proportion of developing primary follicles and fewer arrested primordial follicles compared with untreated controls, suggesting that BMP4 promoted primordial follicle development and the primordial-to-primary follicle transition [20] . Similar function has been proposed for BMP7 in the mouse. Treatment with BMP7 in vitro could significantly stimulate follicle development and increase FSH receptor expression in cultured neonatal mouse ovaries either in the presence or absence of FSH [21] . The similar expression profiles of BMP ligands during follicle activation or recruitment in both fish and mammalian ovaries indicate that the involvement of BMPs in early follicle development may be an evolutionarily conserved function across vertebrates.
Interestingly, the two isoforms of Bmp type II receptor displayed a distinct expression profile during follicle development and maturation. The identity of the two receptors was indirectly confirmed by the evidence that the secreted extracellular domains produced by the CHO cells could significantly attenuate the zebrafish Bmp2b and Bmp4-induced Smad1/5/8 phosphorylation in cultured zebrafish follicle cells. After a steady increase in early follicle development, both receptors surged in their expression at the FG stage prior to maturation and ovulation, suggesting an increased Bmp signaling during this period, probably by the ligands originating from the oocyte. It is thus worth investigating whether the Bmps studied play a role in the final oocyte maturation and how the effects would be compared with those of Bmp15, which has been reported to be inhibitory to oocyte maturation in the zebrafish [45] . Our previous study showed that Egf and transforming growth factor a (Tgfa) as oocytederived factors were able to promote zebrafish oocyte maturation [53] , and their common receptor egfr also exhibited an increase in expression level at the FG stage [41] . Thus, it is tempting to find out whether the Bmp family members, also as oocyte-derived factors, participate in modulating the maturation process of the ovarian follicles. Our results showed that zebrafish Bmp4 could also suppress oocyte maturation, similar to what was reported for Bmp15, whose effect was also evidenced by morpholino knockdown and overexpression in the oocyte [27, 45] . Further experiments on zebrafish Bmp15 showed that it might modulate oocyte maturation by reducing follicle responsiveness to DHP or hCG [45] . However, our results showed that zebrafish Bmp4 had no effect on DHPinduced oocyte maturation, suggesting differential mechanisms by which Bmp family members modulate oocyte maturation.
The significant increase in the expression of Bmp receptors at the FG stage strongly implicates the Bmp family in the control of final oocyte maturation and ovulation. Although zebrafish Bmp4 reduced the spontaneous maturation, its effect was mild, suggesting that the Bmp system may also play other roles in the final stage of follicle development. This would be an interesting issue to explore in future studies. In addition, it is of great interest to identify the regulatory factors that are responsible for the increased expression of the two Bmp receptors at the FG stage. It has been reported in the hamster that FSH upregulates BMP receptor levels in the perinatal ovary [54] . In the zebrafish ovary, because the rise in expression of the Bmp receptors during folliculogenesis parallels that of the gonadotropin receptors [42] , it would be interesting to investigate whether gonadotropins from the pituitary have a similar effect on the expression of Bmp receptors in the zebrafish.
In conclusion, the current study has investigated the spatiotemporal expression patterns of bmp2a, bmp2b, bmp4, bmp6, and bmp7a, as well as the receptors bmpr2a and bmpr2b. Results showed that the Bmp ligands were exclusively located in the oocytes, except for bmp4, which was also found in the follicle layer, whereas the receptors were exclusively located in the follicle layers. This, together with the evidence that recombinant zebrafish Bmp2b and Bmp4 activated Smad1/ 5/8 in cultured follicle cells, strongly suggests the existence of a Bmp-mediated intrafollicular signaling from the oocyte towards the follicle cells in the zebrafish ovary. Following our previous studies on Gdf9 and Egf family, this study added Bmps as yet another locally produced oocyte-derived growth factor family in the zebrafish ovary. Analysis on temporal expression patterns provided evidence for the potential roles of Bmps in early follicle development, particularly during follicle activation or recruitment, and oocyte maturation. Results from the experiment in this study showed that zebrafish Bmp4 could suppress the spontaneous maturation of oocytes but had no effect on DHP-induced maturation.
